Background/Aims: Mitochondria (MT) and mitochondrial DNA (mtDNA) show maternal inheritance in most eukaryotic organisms; the sperm mtDNA is usually delivered to the egg during fertilization and then rapidly eliminated to avoid heteroplasmy, which can affect embryogenesis. In our previous study, fertilization-delivered sperm mtDNA exhibited late elimination and transcriptional quiescence in cyprinid fish embryos. However, the mechanisms underlying elimination and transcriptional quiescence of paternal mtDNA are unclear. Methods: Goldfish and zebrafish were used to investigate the fate of mtDNAs with different parental origins delivered by fertilization or microinjection in embryos. Goldfish MT from heart, liver and spermatozoa were microinjected into zebrafish zygotes, respectively. Specific PCR primers were designed so that the amplicons have different sizes to characterize goldfish and zebrafish cytb genes or their cDNAs. Results: The MT injection-delivered paternal mtDNA from sperm, as well as those from the heart and liver, was capable of persistence and transcription until birth, in contrast to the disappearance and transcriptional quiescence at the heartbeat stage of fertilization-delivered sperm mtDNA. In addition, the exogenous MT-injected zebrafish embryos have normal morphology during embryonic development. Conclusions: The fate of paternal mtDNA in fishes is dependent on the delivery strategy rather than the MT source, suggesting that the presence of sperm factor(s) is responsible for elimination and transcriptional quiescence of fertilization-delivered sperm mtDNA. These findings provide insights into the mechanisms underlying paternal mtDNA fate and heteroplasmy in cyprinid fishes.
Introduction
The mitochondrial genome is believed to show maternal uniparental inheritance (MUI) in many eukaryotes. Sperm-derived paternal mitochondria (MT) normally enter the oocyte cytoplasm upon fertilization and then disappear during early embryogenesis. In a diverse range of animals, there are different mechanisms underlying MUI of mitochondrial DNA (mtDNA) through the exclusion or elimination of paternal mtDNA [1] [2] [3] . These mechanisms fall into two major categories: pre-fertilization and post-fertilization mechanisms. Prefertilization mechanisms primarily operate in Drosophila, in which two strategies are used to degrade mtDNA by mitochondrial endonuclease G during spermatid elongation and to extrude mtDNA during sperm individualization, leading to the exclusion or elimination of paternal mtDNA [4, 5] _ENREF_4. Post-fertilization mechanisms operate in Caenorhabditis elegans, where sperm MTs are ubiquitinated and undergo proteasomal mitophagy, leading to pre-blastocyst/blastula elimination of sperm mtDNA until the 16-64-cell stages [6] . Both pre-and post-fertilization mechanisms are utilized to avoid paternal mtDNA inheritance in vertebrates such as pig [7] and medaka [8] .
Many organisms possess a pool of homogeneous mtDNA molecules. This mitochondrial homoplasmy is essential for normal development, as heteroplasmy comprising different wildtype mtDNAs may cause genetic instability, cognitive or behavioral impairment in mouse [9] and diseases in humans [10] . The mechanism underlying homoplasmy is uniparental inheritance of mtDNA. In particular, MUI of mtDNA prevails in numerous organisms, including many invertebrates and all vertebrate species, such as humans and other mammals [11, 12] . Recent studies have revealed that paternal inheritance or leakage of mtDNA may occur to variable degrees even in organisms with demonstrated MUI, such as Drosophila [13, 14] . In humans, paternal inheritance of mtDNA is controversial. On one hand, linkage disequilibrium and recombination in mtDNA suggest paternal inheritance of mtDNA [15] , and a patient carrying a pathogenic mtDNA mutation has been considered the best evidence for paternal inheritance of human mtDNA [16] . On the other hand, subsequent analyses of patients carrying various mtDNA defects have argued against paternal inheritance of human mtDNA [17, 18] .
In fish, MUI has been reported in medaka [8] . Most recently, we observed MUI in cyprinid fish, e.g., goldfish and blunt-snout bream, in which paternal mtDNA was present in zygotes but absent in larvae and adult organs. Meanwhile, we also found that the cytb RNA of paternal mtDNA was not present in all stages, while paternal mtDNA was easily detectable, and revealed that fertilization-delivered paternal mtDNA is transcriptionally quiescent and thus does not lead to the development of heteroplasmic embryos [19] . However, the cause of paternal mtDNA elimination and transcriptional quiescence remains unclear.
To further elucidation of this issue, in this study, goldfish (Carassius auratus red var.) and zebrafish (Danio rerio) were used as experimental animals in this study to analyze the possible effects of MT source and delivery strategy on the fate of paternal mtDNA. Our results demonstrated that MT injection-delivered mtDNA from not only the somatic organs heart and liver but also sperm is capable of persistence and transcription throughout embryogenesis. These results demonstrate that the fate of paternal mtDNA is dependent on the delivery strategy rather than the MT source. In addition, the normal morphology of exogenous MT-injected zebrafish embryos also indicates that mitochondrial heterogeneity in cyprinid species does not cause abnormal embryonic development. 
Materials and Methods

Ethics statement
Fish
Fish work was performed in strict accordance with the recommendations in the Guidelines for the Care and Use of Laboratory Animals of the National Advisory Committee for Laboratory Animal Research in China and was approved by the Animal Care Committee of Hunan Normal University (Permit Number: 4237). Goldfish (red variety; C. auratus) was maintained at the Ministry of Education National Center of Polyploidy Fish Breeding, Hunan Normal University as described previously [20, 21] . Intraspecific mating and interspecies hybridization were conducted using the method of dry artificial insemination. Embryos were placed on nylon meshes in water for mass production or in Petri dishes for experimentation. Embryos in Petri dishes were regularly monitored, snap-frozen in liquid nitrogen at different stages and stored at -80°C before use. Zebrafish (D. rerio) was maintained at the State Key Laboratory of Developmental Biology of Freshwater Fish, College of Life Sciences, Hunan Normal University as described previously [22] .
Mitochondrial preparation and activity
MTs were isolated from approximately 100mg of adult organs (heart, muscle and liver) and semen of goldfish and zebrafish using a Mitochondrial Isolation Kit (Sciencell Cat. No. 8286) and suspended in 100μl of buffer B for storage at -80°C until use. Protein concentration was measured using a BSA protein quantification kit (Auragne, Cat. No. P001B-1). Mitochondrial DNA was released from MT aliquots by heating for 15 min at 95°C on a thermal cycler (Applied Biosystems) and measured for optical density on a Synergy-2 microplate reader (BioTek, Winooski). Mitochondrial preparations were diluted with buffer B to a concentration of 0.1μg/ml protein. Cytochrome oxidase activity was measured using the GENMED Cytochrome Oxidase Measurement Kit (GMS10014.2.v.A).
Mitochondrial microinjection
Approximately 1 nl of Buffer B or mitochondrial preparation at 0.001~0.1μg/μl protein was injected into embryos at the 1-cell stage (post-fertilization in 5-10 minutes) using a FemtoJet (Eppendorf, Germany). These dosages were equivalent to 100~10, 000 mtDNA copies per injection. Microinjected embryos were reared in Petri dishes in water at 22°C (goldfish) or in zebrafish egg water at 28°C (zebrafish). Zebrafish embryos were microinjected at the 1-cell stage (5-10 minutes post-fertilization) with MT from organs of heart, liver and sperm and examined for survival and phenotype at critical stages.
DNA and RNA extraction
Before DNA and RNA extraction of the embryos, the zona pellucida and spermatozoa attached to or within the perivitelline space were removed by washing with acidified Tyrode's solution. DNA was extracted from freshly dissected organs or groups (n>20) of frozen embryos using the TaKaRa Mini BEST Universal Genomic DNA Extraction Kit (TaKaRa, Japan) as described previously [20] . RNA was extracted using the E.Z.N.A. Total RNA Kit II (OMEGA).
Plasmid
Plasmid pMD18 cytb was constructed as a reference to determine the copy number of mtDNA by PCR analysis. The 979-bp fragment of the goldfish cytb was PCR-amplified and cloned into pMD18-T (2692 bp).
Polymerase chain reaction
Genomic DNA PCR was run for 35 cycles (94°C for 30s, 58°C for 30s and 72°C for 30s) in a 25µl volume containing 50ng of template DNA and appropriate primers for cytb and β-actin as described previously [19] . Goldfish DNA, zebrafish DNA or a mixture with serial dilutions were used as template DNA samples. For RT-PCR, firststrand cDNA was synthesized using the PrimeScript TM RT reagent Kit with gDNA Eraser Table 1 . PCR products were separated on 1.5% agarose gels and observed on White/UV Transilluminators (UVP, Upland, CA 91786).
Sequence analysis
Sequences were analyzed using BLAST search and aligned with Vector NT.
Microscopy
Observation and photography were performed under a Leica MZFIII stereo microscope, a Zeiss Axiovert inverted and a Axiovert upright microscopes with a Zeiss AxioCam M5Rc digital camera (Zeiss Corp) as described previously [19] .
Statistics
Statistical analyses were calculated using GraphPad Prism v4.0. Data are presented as mean ± s.d., and p values were calculated using non-parametric Student's t-test.
Results
Hybrid embryos between goldfish and zebrafish are an ideal model system to study the mechanism of MUI Because zebrafish embryos can be easily obtained and microinjected, we used goldfish and zebrafish as experimental animals to further investigate the fate of mtDNAs with different parental origins delivered by fertilization or microinjection in embryos (Fig. 1a and b) . A pair-wise comparison revealed that goldfish and zebrafish shared 78.1% identical mtDNA sequences. Specifically, sequence alignment allowed for designing PCR primers that were common or specific to mtDNAs of distinct parental origins, and there was a 78% sequence identity of cytb as a representative mtDNA gene (Fig. 2) and a 69.9% sequence identity of tfam as a representative nuclear gene (Fig. 3) . The PCR primers were designed so that the amplicons with different sizes characterize of goldfish and zebrafish cytb genes or their transcripts ( Fig. 1c  and d) . By using a cytb-bearing plasmid as reference, we were able to measure the absolute copy number of mtDNA 9 plasmid copies was serially diluted and used as a copy number standard for comparison by PCR. MT were injected at 0.1, 0.01 and 0.001 μg/of protein containing estimated copy numbers (see also (Fig. 1e) . Therefore, forward and backcross hybrids between zebrafish and goldfish can provide a suitable model system to quantify the mtDNAs of different parental origins by sensitive PCR assays.
The fate of fertilization-delivered sperm mtDNA in goldfish and zebrafish hybrids Using a cytb-bearing plasmid as a reference, we tested MUI in the forward and backcross hybrids between goldfish and zebrafish. Regardless of whether the female parent was a goldfish or a zebrafish , only maternal mtDNA could be detected in the hybrids, whereas paternal mtDNA was absent (Fig. 1d) , suggesting strict MUI of mtDNA in goldfish and zebrafish hybrids.
To examine the fate of paternal mtDNA during embryogenesis, we used embryos from forward and backcross hybrids for genomic DNA isolation and analyzed the samples by PCR at representative stages indicated. As expected, the egg mtDNA was evident throughout embryogenesis. However, sperm mtDNA was still easily detected at the blastula, gastrula and even heartbeat stages but disappeared before hatching ( Fig. 4a; lanes 1-2,  6 and 10). The delayed elimination of paternal mtDNA described above prompted us to examine the transcriptional status of maternal and paternal mtDNA at critical stages of development. The cytb transcript of paternal origin was never detected in forward and backcross hybrid embryos at any of the stages examined (Fig. 4b) . The fate of injection-delivered mtDNAs from several different tissues MTs were isolated from the sperm, heart, muscle and liver of goldfish to determine the yield, activity and copy number of mtDNA (Table 2) . Sperm gave rise to the highest MT yield (78.4μg of MT protein per gram of sperm) and highest mtDNA copy number (9.82×10 9 copies per μg of MT protein), whereas muscle had the lowest yield (13.43μg of MT protein per gram of sperm) and the lowest mtDNA copy number (2.2×10
9 copies per μg of MT protein). These findings suggested that there are no pre-fertilization mechanisms for sperm mtDNA elimination in fish. Due to the high cytochrome C oxidase activity of heart MT, we chose heart MT, in addition to MT from liver and sperm, for microinjection (liver and sperm MT microinjection has been reported in mice [23] ).
In our pilot experiments, heart MTs from goldfish and zebrafish were microinjected into the zygotes of zebrafish and goldfish, respectively. The microinjected heterogenous heart mtDNA was easily detected in not only the embryos from blastula to gastrula and heartbeat but also in their fry (Fig. 5a) . Concurrently, cytb transcripts from the microinjected heart mtDNA were also easily detectable at all of these stages (Fig. 5b) , demonstrating the active transcription of MT injection-delivered heterogenous mtDNA from the heart. Next, liver MT from goldfish was microinjected at three different dosages into zebrafish zygotes, and its mtDNA was similarly examined. The goldfish liver mtDNA and its RNA were also observed in experimental zebrafish from birth (Fig. 6a, b) . Thus, both heart and liver mtDNA upon delivery by MT injection is capable of persistence and transcription until birth. Lastly, goldfish sperm MT were microinjected at three different dosages into zebrafish zygotes, and RT-PCR analysis. The cytb DNA (asterisks) and cytb RNA (arrowheads) from injected MT were observed throughout embryogenesis. GZ, goldfish heart mitochondrial injection into zebrafish; ZG, zebrafish heart mitochondrial injection into goldfish. Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry the dynamics of its mtDNA was also monitored. The goldfish sperm mtDNA and its RNA were easily detected throughout zebrafish embryogenesis (Fig. 7a, b) . These results showed that sperm mtDNA delivered by MT injection behaves differently from those delivered by fertilization, but resembles heart and liver mtDNA in persistence and transcription. For comparison, the tfam transcripts of both maternal and paternal origins were readily detected in zebrafish embryos. Zebrafish embryos were microinjected at the 1-cell stage with goldfish liver or sperm MT and analyzed for the tfam RNA at 4 representative stages (blastula, gastrula, heartbeat and hatching). The expression of tfam from injected liver and sperm MT was analyzed by RT-PCR. No goldfish tfam transcripts from injected goldfish liver and sperm MT was detected throughot embryogenesis (Fig. 8a-c) .
Heteroplasmy does not have impact on embryogenesis
The results showing that paternal mtDNA could persist and be transcribed until birth demonstrated the heteroplasmy throughout embryogenesis in cyprinid species. To determine the impact of injection-delivered MT on embryogenesis, we further examined the survival and phenotype at critical stages of zebrafish embryos microinjected with MT from the , for more details on the embryo number of injected and survived at four representative stages, see Table 2 .) and analyzed for the cytb DNA and cytb RNA at 4 representative stages [blastula (bla), gastrula (gas), heartbeat (heart) and hatching (hatch)]. (a) Genomic DNA PCR analysis. (b) RT-PCR analysis. The cytb DNA (asterisks) and cytb RNA (arrowheads) from injected sperm MT were observed throughout embryogenesis. 4 and 9.82×10 3 in sperm, for more details on the embryo number of injected and survived at four representative stages, see Table 2 .) and analyzed for the tfam RNA at 4 representative stages [blastula (bla), gastrula (gas), heartbeat (heart) and hatching (hatch)]. 
Cellular Physiology
heart, liver or sperm at the 1-cell stage. Non-injected control embryos had a 60% survival rate at hatching and 95% appareantlyr normal fry, whereas buffer-injected embryos exhibited 40% survival and 90% appareantly normal fry, indicating that microinjection caused mechanical damages to embryos and slightly compromised their survival and development. Importantly, microinjection of MT from heart, liver or sperm achieved similar survival rates and appareantly normal fry rates compared to buffer injection (Table 3) . Phenotypically, MT-injected zebrafish embryos were not different from buffer-injected controls at critical stages, such as heartbeat (Fig. 9a-d) and hatching ( Fig. 9a'-d') . Therefore, MT injectionintroduced mtDNA heteroplasmy has little adverse effects on embryonic survival and development of cyprinid fishes.
Discussion
Mitochondrial DNA is believed to be maternally inherited in many eukaryotes. Sperm-derived paternal MT normally enters the oocyte cytoplasm upon fertilization and then disappears during early embryogenesis. We recently revealed that fertilization-delivered sperm mtDNA from blunt-snout bream into goldfish eggs was present during early embryogenesis but showed transcriptional quiescence [19] , which suggests that parental mtDNA is either intrinsically incapable of transcription or prevented from transcription upon fertilization-mediated delivery in cyprinid embryos. In this study, we demonstrated that parental mtDNA possesses the intrinsic ability for transcription, but this process is somehow inhibited because MT injection-delivered mtDNA from not only heart and liver but also sperm is capable of active transcription throughout cyprinid embryogenesis.
The mechanism of paternal MTs and mtDNA elimination from fertilized oocytes is now partially deciphered. Distinct molecular mechanisms to prevent inheritance of paternal mtDNA have been described in various species. The pre-fertilization mechanism is proposed in Chinook salmon_ENREF_26, where sperms have fewer mtDNA copies for delivery at fertilization of the eggs [24] . In Drosophila, mtDNA is degraded during spermatogenesis, and mature sperms lack any mtDNA and do not deliver paternal mtDNA to ensure MUI [5] . Yu et al. showed that the mitochondrial DNA polymerase promotes abrupt elimination of mitochondrial genomes during spermatogenesis in Drosophila [25] . Upon fertilization, proteasomal and lysosomal pathways are activated in oocytes to eliminate paternal MT and mtDNA [6, 26, 27] . In C. elegans, two groups have shown that paternal MTs are degraded by fertilization-induced autophagy [26, 28] . A mitochondrial endonuclease G (CPS-6) has been implicated in breakdown of paternal MTs upon fertilization [4] . In addition, Thompson et al. showed that the inner mitochondrial membrane protein prohibitin (PHB) were the ubiquitinated substrates in mammalian [29] . Wei et al. identified the PHB2 as a crucial mitophagy receptor involved in targeting MT for autophagic degradation. PHB2 is required [30] . In mammals, sperm-derived paternal mitochondria themselves are thought to undergo selective autophagy, which includes mitophagy. Ubiquitination of the sperm mitochondria during spermatogenesis and after-fertilization has been implicated in the targeted degradation of paternal mitochondria [27, 29, 31, 32] . However, it is not known whether or not mtDNA degradation could be delayed in mammalian embryos because of the method of delivery of paternal mitochondrial DNA by injection .
The mechanism of selective elimination of parental mitochondrial DNA in fish is only sporadically reported [8, 19, 24] . In medaka fish, the sperm mtDNAs was rapidly digested just after fertilization, and digestion of paternal mtDNA was achieved before total destruction of mitochondrial structures [24] . The results obtained in this study suggest the presence of an embryonic factor or factors responsible for elimination and/or transcriptional quiescence of fertilization-delivered sperm mtDNA but not MT injection-delivered paternal mtDNA prior to birth. The factor(s) may be delivered by sperm at fertilization or derived from eggs but are triggered or activated by sperm-egg interactions during and after fertilization. These factors may directly or indirectly regulate the activity of mitochondrial transcription factor A (Tfam), a key regulator of mtDNA replication and transcription [33, 34] . In mammals, for example, prohibitin controls Tfam and mtDNA copy number [35] , and its ubiquitination in sperm [29] correlates with a reduction in Tfam and mtDNA copy number during spermatogenesis [36] . Antelman et al. showed that TFAM may exert a critical role in porcine gametogenesis and preimplantation embryo development in the domestic pig (Sus scrofa) [37] . Identification of the embryonic factor(s) will shed new light on the post-fertilization mechanisms underlying elimination and transcriptional quiescence of paternal mtDNA.
Heteroplasmy arises from the introduction and propagation of foreign MT into a recipient cytoplast [38] . Heteroplasmy of Mitochondrial DNA is associated with reduced fitness in nematodes [39] and mice [9] . Thus, proper removal of MT is essential for organismal health in a wide range of eukaryotic species [40, 41] . Maternal mtDNA inheritance prevents the occurrence of heteroplasmy between potentially distant mtDNA haplotypes, which may be necessary to avoid the diffusion and transmission of potentially deleterious sperm mtDNA to the progeny. mtDNA heteroplasmy was observed after nuclear transfer in fish [42] . These results suggest that mitochondrial DNA heteroplasmy may not affect embryogenesis in cyprinid fish. In this study, the persistence and transcription of microinjected MT throughout embryogenesis revealed the presence of mtDNA heteroplasmy. Our finding that MTinjected zebrafish embryos are capable of survival and development indicates that mtDNA heteroplasmy has no detectable effect on embryogenesis in cyprinid fishes.
The mechanism underlying the active digestion of paternal MT and mtDNA is still an open question in fish. Eggs likely play an important role in this process. The results from this study and our previous work indicate that cyprinid fish are ideal model organisms for identification and characterization of the embryonic factor(s) involved in the prehatch elimination of paternal MT and mtDNA.
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